T he fundamental soybean [Glycine max (L.) Merr.] aboveground dry matter (DM) and nutrient uptake and partitioning models were first developed from work conducted in the 1960s by Hanway and Weber (1971a , 1971b , 1971c . The average US soybean yield at this time was a mere 1670 kg ha -1 (USDA-NASS, 2012). This is ~50% of present-day national average yields and only 21% of the estimated genetic yield potential of current soybean varieties (Specht et al., 1999) . Since this fundamental work, more producers are achieving soybean yield consistently above 5000 kg ha -1 due to modern production practices and genetics (production realities), which have likely affected soybean DM and nitrogen (N) uptake, partitioning, and removal patterns and rates. Hanway and Weber (1971c) reported an average total DM accumulation of 9680 kg ha -1 for a yield of 2983 kg ha -1 with a peak accumulation rate of ~88 to 149 kg ha -1 d -1 (Hanway and Weber, 1971b) , which agrees with Hammond et al. (1951) ). At maturity (R8), this yield represents ~29% of the DM partitioned to the seed (harvest index [HI] ), with the remaining allocated to the leaves (28%), stems (17%), petioles (15%), and pods (11%). Greater seed yields over the past half century can simply be explained as the product of increased total plant DM, greater HI,
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Merr.] growers are concerned that soybean yield is restricted by limitations on biological N 2 fixation and soil nitrogen (N) mineralization. However, a comprehensive study characterizing actual soybean N requirements across wide-ranging seed yield environments is nonexistent for modern soybean production systems. Using six site-years and eight soybean varieties, plants were sampled at six growth stages and partitioned into their respective plant parts and analyzed. For each kilogram increase in yield, total dry matter accumulation, harvest index, and total N uptake increased by 1.45 kg, 0.0034%, and 0.054 kg, respectively, but all varied by environment at any specific yield level, whereas N removal did not (0.055 kg N kg -1 grain). Nitrogen harvest index (NHI) increased (0.0019-0.004% kg -1 grain) with yield but varied by environment and yield level, resulting in indices between 73 and 90%. Peak uptake rates for N were 3.6 to 4.3 kg ha -1 d -1 between R4 and R5, depending on the yield level. After R5.5, 66 to 69% of vegetative N was remobilized to the seed, which accounted for 50.4% of seed N at the low yield level (3608 kg ha ). Moreover, higher yields attained a greater portion of their total N uptake after R5.5 (40.1%) compared with the low yield level (29.7%). These results highlight greater remobilization efficiencies and late-season N uptake in conjunction with greater NHI to support higher yields per unit of N uptake in current production realities.
or both through better management practices, like irrigation (Frederick et al., 1991) , physiological changes, like a longer reproductive growth period (Zeiher et al., 1982; Rowntree et al., 2014) , and genetic improvement through breeding (Rincker et al., 2014) . Multiple reports point to both increased total DM and a greater HI for new genetics within current production systems (Sadler and Karlen, 1995; Sinclair, 1998; Morrison et al., 1999; Kumudini et al., 2001; Koester et al., 2014; Rincker et al., 2014) . Koester et al. (2014) found that HI increased by 0.0022% each year between 1923 and 2007 for commercially available varieties. Greater DM partitioning to the seed (>HI) may also affect partitioning to other plant parts. Bender et al. (2015) reported an average total DM accumulation of 9775 kg ha -1 for a yield of 3480 kg ha
, resulting in a HI of 37% within a modern production environment, with a peak accumulation rate of ~162 kg ha -1 d -1
. The higher HI reported by Bender et al. (2015) compared with Hanway and Weber (1971c) (29%) altered DM partitioning within the leaves (16%), stems and petioles (33%), and pods (14%) drastically, which likely affects N uptake, partitioning, and removal patterns (Sinclair, 1998) .
Soybeans have a large N demand due to the high protein content (~34%) of the seed (Hurburgh et al., 1990; Roth et al., 2014) , in addition to a relatively large NHI. Hanway and Weber (1971a) reported that 68% of total N uptake was partitioned to the seed at a 2855-kg ha -1 yield level. More recently, Pazdernik et al. (1997) reported an average NHI of 58% at the same yield level, but a range from 31 to 88% existed, depending on the cultivar. Bender et al. (2015) reported an average NHI of 73% at a higher yield level (3480 kg ha ), a NHI of 86% was measured by Mastrodomenico and Purcell (2012) . By anecdotal evaluation, it seems that as seed yield increases, so does the NHI. However, in each individual study, seed N removal and NHI was only evaluated at a single yield level and therefore could not quantify variation in NHI as related to seed yield level.
To help meet the large N demand of the seed, soybean relies on the plant's ability to store N in vegetative plant parts (stems, petioles, leaves, and pods) and remobilize it to the seed during seed fill. It has been theorized that soybean yield is limited by the amount of N stored in vegetative tissue and subsequent N supply rate during seed fill (Sinclair and de Wit, 1976) . However, this theory may not hold true in a modern production environment (Naeve et al., 2008) . Zeiher et al. (1982) found that N remobilization from the vegetative plant parts to the seed can account for 30 to 100% of total seed N, whereas Hanway and Weber (1971a) and Bender et al. (2015) found that remobilization accounted for 57 and 53% of total seed N, respectively. Furthermore, a Minnesota study found that canopy N reserves were greater and better able to supply seasonlong N to the seed in high-yielding environments (Naeve et al., 2008) but did not identify from which vegetative plant part the remobilized N originated. Hanway and Weber (1971a) showed that 55% of total N in vegetative plant parts was remobilized to the seed after R5.5, compared with 59% shown by Bender et al. (2015) . Bender went further to state that 65 and 32% of leaf and stem N, respectively was remobilized to the seed. However, remobilization patterns were not investigated at different yield levels to understand the dynamics of N partitioning as the yield level fluctuates.
Previous studies on soybean DM and N uptake, partitioning, and removal have reported results at single yield levels (Bender et al., 2015; Hanway and Weber, 1971a , 1971b , 1971c and thus critically limited their widespread applicability, because seed yields vary significantly both spatially and temporally across US soybean production regions. For these reason, a comprehensive study quantifying uptake, partitioning, and removal patterns and rates across a wide yield range of 3000 to 6000 kg ha -1 would be particularly valuable. Also, the fundamental work by Hanway and Weber (1971a , 1971b , 1971c ) is likely not applicable to modern genetics and production practices. Moreover, the recent study by Bender et al. (2015) only employed two varieties and three similar site-years and did not separately analyze petioles, fallen leaves, and fallen petioles, even though these plant parts represent as much as 40% of total soybean DM during the growing season (Hanway and Weber, 1971c) . Therefore, the objective of our research was to quantify and model DM and N uptake, partitioning, and removal patterns and rates across a wide environmental and genetic assortment, and therefore yield range, to compliment and improve on current soybean N management. Our hypothesis is that DM and N uptake, partitioning, and therefore removal has significantly changed from previous reports by Hanway and Weber (1971a , 1971b , 1971c due in part to physiological changes (Rowntree et al., 2014) and increased yields achieved by modern elite soybean varieties.
MATERIALS AND METHODS

Field Experiment
Field trials were conducted at three locations, which differed in soil properties, during 2014 and 2015, for a total of six environments (locations ´ year) (Tables 1 and 2 ). The trials were a randomized complete block design in a split-plot arrangement with four replicates. The whole-plot factor was planting dates of early and late May. The subplot was a factorial of eight different indeterminate soybean varieties varying in relative maturity from DuPont Pioneer (P10T02R, P10T91R, P15T83R, 16T04R, P19T01R, P22T69R, P24T05R, and P25T51R). Plots were seeded at 345,800 seeds ha -1 and produced stands well above the threshold (>247,000 plants ha
) for adequate yields (Gaspar and Conley, 2015) . Two planting dates, eight varieties, and six environments generated a sufficient yield range (3000 to >6000 kg ha -1 ), which was critical for this study. Plots were seeded at 345,800 seeds each growth stage within a plot were randomly selected and chosen to avoid any bias due to border effects. When each growth stage was reached, whole plants were harvested from 1.52 m of row, which resulted in ~30 plants per plot sampled at each sampling period. At the R1 growth stage, wood-framed catch containers wrapped with hardware net (0.77 ´ 1.52 ´ 0.51m) were positioned on the ground within a row. These containers were highly effective at collecting all senesced leaves and petioles as the plants progressed toward maturity (R8) and had minimal effects on canopy light interception and gas exchange processes. Abscised leaves and petioles were removed every 3 d from the catch containers to reduce the potential for nutrient leaching from plant tissue. Sampled plants at each growth stage were partitioned into individual plant parts as shown in Table 3 and dried at 60°C to 0% moisture to determine dry weights. Final seed yield was computed using the R8 seed sample weight, sampling area, and adjusting the moisture content to 130 g kg . All yield values are reported at this ha -1 in 12 76-cm rows at a length of 6.4 m at Arlington and Hancock, WI, and eight 76-cm rows that were 9.1 m long at St. Paul, MN. Soil samples were taken each spring, and results are listed in Table 2 . On the basis of soil-test levels and a yield goal of 6700 kg ha -1 , non-N fertilizer was applied using University of Wisconsin fertilizer recommendations to create a nonlimiting fertility environment (Laboski and Peters, 2012) . A seed-applied inoculant containing Bradyrhizobium japonicum was used, but no N fertilizer was applied at any point. Full-season pest control followed University of Wisconsin best management practices (Davis et al., 2015) .
Plant Biomass Sampling, Processing, and Analysis
Aboveground biomass sampling was performed when 50% of the plants within a plot reached six different predetermined growth stages (V4, R1, R4, R5.5, R6.5, and R8) (Fehr and Caviness, 1977) shown in Table 3 . Biomass sampling areas for cmol c kg moisture content, except when analyzed with DM accumulation, in which they are reported on a DM basis. All dried plant tissue samples (>6600) were ground to pass through a 2-mm mesh screen for nutrient concentration analysis. Ag Sources Laboratories (Bonduel, WI) analyzed all samples for N concentration using total Kjeldahl N digestion methods (Horwitz and Latimer, 2011) . The tissue N concentration, dry weights, and sample area were used to mathematically derive the nutrient content (kg ha 
Statistical Analysis
Statistical analysis was performed using PROC MIXED in SAS (SAS Institute, 2010) . The effects of environment, variety, seed yield (covariate), and their interactions on total DM accumulation, DM HI, total plant N uptake, N removal, seed N concentration, and NHI at R8 were examined. Methods described by Engqvist (2005) and Littell et al. (2006) for an analysis of covariance (ANCOVA) were employed where the final model for each variable was determined using a backward stepwise selection process in which the full model is considered first and factors and their interactions are removed until all factors that remain are significant. Boxplots and residual plots were evaluated to confirm variance assumptions, whereas normality was assessed using PROC UNIVARIATE in SAS (Oehlert, 2000; SAS Institute, 2010 ) Data were analyzed using replicate within environment and the overall error term as random effects (Littell et al., 2006) . The level of significance was set at 10%, and means comparisons were conducted according to Fisher's protected LSD. The Kenward-Rogers method was used to calculate degrees of freedom. Regression equations from the ANCOVA were estimated when appropriate for all effects and coefficient of determination (R 2 ) values were calculated using the estimated model parameters generated by PROC MIXED and Eq. [1] (Littell et al., 2006) :
Dry matter accumulation and N uptake, partitioning, and remobilization between various plant parts was modeled across the whole growing season using days after emergence (DAE). Three figures were generated for both DM and N to assess changes between relatively low (3608 kg ha ) yield levels. These yield levels approximately represent the 25th, 50th, and 75th quantiles of the data. The figures were built in SigmaPlot (Systat Software, 2013) using the multiple spline curve option with smoothed data points, where all units are expressed on a dry-weight basis. In addition, a three-parameter logistic growth model (Eq. [2]) was used to determine the rate of DM accumulation and N uptake throughout the growing season for all three yield levels. The peak period and rate of uptake was determined based on the standard error of the model, and R 2 values for both DM and N models were greater than 0.98.
RESULTS AND DISCUSSION Across all environments, growing conditions were mostly favorable with slight deviations in precipitation and temperature across the growing season (Table 1) . Temperatures were slightly below average in 2014 except at St. Paul, which was well above the 30-yr average. The other five environments were much closer to their respective averages. Precipitation was above average at St. Paul in 2014, mainly due to excess early-season rainfall in May followed by normal precipitation for the rest of the growing season. In 2014, Arlington, which also received excess rainfall in May, saw below-average rainfall for the remainder of the growing season, resulting in a total near average. During 2015, both Arlington and St. Paul had optimal spring planting conditions due to slightly below-average precipitation, followed by slightly above-average precipitation, providing an optimal growing season for record and nearrecord yields in Minnesota and Wisconsin, respectively (USDA-NASS, 2016). Hancock received supplemental irrigation in both years, which ensured an adequate water supply for the whole growing season.
Dry Matter Accumulation
Dry matter accumulation was affected by environment, but not by variety, and neither interacted with the covariate, seed yield, which was associated with DM accumulation (Table 4) . Intuitively, as yield increases, it directly contributes to total DM, and environmental differences in total DM accumulation can easily be explained by various factors affecting the crop growth rate like temperature (Hadley et al., 1984) and precipitation (Muchow, 1985) . More importantly, because there was no interaction between the environment and seed yield, a common slope of 1.45 kg DM kg -1 grain, where seed moisture is 0%, was found across all environments (R 2 = 0.53-0.83) ( Table 5 ). Therefore, for each 1-kg ha -1 increase in dry seed yield, only 0.45 kg ha -1 of vegetative DM was accumulated. This equates to only 31% of the additional DM being targeted away from the seed, which is slightly higher than the 20% reported by Koester et al. (2014) . Since our value was <50%, a gradual increase in HI as yield increased was revealed, and therefore increased yield regardless of the environment or variety does not rely on a parallel increase between vegetative and seed DM. Seed yield is a component of total DM and therefore is autocorrelated with total DM, which likely inflates the R 2 within each environment but does not affect the coefficient values (Koester et al., 2014) .
The R1 growth stage occurred approximately onethird of the way through the growing season, but total DM accumulation at this point only accounted for 14 (1022 kg ha ) yield levels, respectively. In fact, 50% total DM accumulation was not level continued to increase until peak rates were attained shortly after R3. Peak rates for the low, average, and high yield levels were 132, 149, and 171 kg ha
, respectively (Fig. 2) . The peak DM accumulation rate in an Illinois study was 162 kg ha Bender et al., 2015) . In Louisiana, Carpenter and Board (1997) found a lower accumulation rate at R1 (~60 vs. 100 kg ha
) compared with our study, but a greater peak rate near R3 (~180 vs. 149 kg ha
) for a 3600-kg ha -1 yield level, possibly due to the determinate growth pattern of their cultivars and higher daily temperatures. Between R2 and R7, the low yield level (fairest comparison) averaged a DM accumulation rate of 87 kg ha
, which was lower than the 122 kg ha -1 d -1 reported by Hanway and Weber (1971b) , despite similar yields. However, Hanway and Weber (1971b) used a linear model that does not accurately describe the sigmoidal growth pattern of soybeans (Fig. 1) . After the peak DM accumulation period, the rate steadily slowed to 27 to 54 kg ha -1 d -1 at R7 (Fig. 2) , which is consistent with the ~50 kg ha -1 d -1 reported by Carpenter and Board (1997) . As with the early exponential (emergence-R2) and midlinear (R2-R5) growth periods, the high yield level continued to exhibit greater DM accumulation rates through seed fill and maturity (R5-R8), resulting in greater total DM at R8 (10,363 kg ha
) compared with attained until after R4 and amounted to 3690, 4390, and 5315 kg ha -1 for the low, average, and high yield levels, respectively (Fig. 1) . Bender et al. (2015) reported greater accumulation at R1 (20%) but a similar relative amount at R4 for a 3480-kg ha -1 yield level. Approximately 50% total DM accumulation at R4 is further confirmed by Farmaha et al. (2012) and Hanway and Weber (1971c) . Although relative DM accumulation at R4 was consistent across yield levels, the relative amount of total DM accumulated after R5.5 was substantially different between the high (31.5%), average (26.7%), and low (22.3%) yield levels ( Fig. 1) and was greater than the 20% reported by Hanway and Weber (1971c) . Therefore, higher yields are associated with greater late-season accumulation after R5.5, rather than early-season accumulation.
The limited DM accumulation by R1 can be attributed to the lag phase within the exponential early-season soybean growth period. For all three yield levels, the first 20 d of growth displayed accumulation rates <20 kg ha
. However, the high yield level experienced a shorter duration within this lag phase and subsequently reached an accumulation rate of 66 kg ha -1 d -1 at 30 DAE (V4) compared with 57 and 48 kg ha -1 d -1 for the average and low yield levels, respectively (Fig. 2) . The gradual separation between the accumulation rates for each yield ) yield levels ( Fig. 1 and 2, Table 6 ). This supports the importance of new cultivar releases exhibiting greater total DM production associated with higher yields (Kumudini et al., 2001; De Bruin and Pedersen, 2009 ).
Greater total DM at R8 was consistently detected with higher yields (>5034 kg ha ) and likely due to a shorter duration in the lag phase of early-season exponential growth, a higher peak DM accumulation rate, and greater late-season accumulation rates and amounts. Although increases in total DM associated with higher yields (1.45 kg DM kg -1 dry grain) were consistent across environments and varieties, specific total DM production at a certain yield level was still environment specific (Table 5) .
Dry Matter Partitioning
Early-season DM accumulation was largely partitioned into leaf tissue until the initiation of reproductive growth, when an increasing amount was allocated to the stems and petioles and eventually into pods at R3.5 and seeds by R4.5. Pooled across all yield levels at R5.5, and therefore differing in amounts of total DM, the most DM was partitioned into the stems (31%), followed by leaves (27%), pods (15%), petioles (14%), and seeds (9%), with the remainder as fallen leaves and petioles (4%) (Fig. 1) .
Growth stage R5.5 was the time point at which allocation to vegetative tissue (stems, petioles, and leaves) ceased for the low and average yield levels, and further DM accumulation was directed towards seeds and pods in conjunction with apparent remobilization of carbohydrates from vegetative tissue (senescence) (Fig. 1) . This same pattern was shown by Hanway and Weber (1971a) and Bender et al. (2015) . In comparison, the continued partitioning of DM to stems and pods until R6.5 in the high-yield environment led to more vegetative DM that possibly supported greater pods per square meter, which is considered to be an important yield component. In addition, leaves and petioles maintained constant DM levels through R6.5, which could theoretically support an extended photosynthetic duration and thus greater overall photosynthate supply to the seed (Imsande, 1989) , the absence of which has been considered an obstacle to greater yields (Sinclair and de Wit, 1976) . Remobilization for the high yield level was only 15.4% of all vegetative DM at the peak point compared with 16 and 20% for the average and low yield levels, respectively ). The accumulation rate is graphically shown at 30 d after emergence for the three yield levels. Vertical lines represent the point of peak accumulation and horizontal cross lines represent the peak accumulation period within the standard error of the peak accumulation point estimate.
( Table 6 ). Thus, higher yields relied less on vegetative remobilization past R5.5, which may have increased late-season photosynthetic capacity.
Harvest index, reported on a percentage basis, was affected by environment but not by variety, and neither interacted with the covariate, seed yield, which was associated with HI (Table 4) . Across all environments, the HI increased by 0.0034% for each 1-kg increase in yield (R 2 = 0.30-0.57) (Table 7) . Therefore, the HI difference between a soybean seed yield of 3000 and 5000 kg ha -1 was ~6.8% regardless of the environment or variety. In agreement, the HI differed for the low (42.8%), average (44.2%), and high (45.2%) yield levels (Table 6 ). However, the HI for a specific yield level did vary across environments. A 4421-kg ha -1 yield was associated with a HI near 50% at Arlington in 2014, which is similar to that of corn (Zea mays L.; Bender et al., 2013), but only a 37% HI at Arlington in 2015 (Table 7) . Given the 8000-kg ha -1 theoretical yield potential proposed by Specht et al. (1999) , our finding would suggest a theoretical maximum HI near 60%, which agrees with Koester et al. (2014) . Although greater seed yield was more closely associated with increased total DM accumulation (R 2 = 0.53-0.83) than with a higher HI (R 2 = 0.30-0.57), the HI was still an important component in determining final seed yield, which agrees with Kumudini et al. (2001) , and likely has effects on nutrient partitioning (Sinclair, 1998) .
Nitrogen Uptake
Nitrogen uptake was affected by environment but not by variety, and neither interacted with the covariate, seed yield, which was associated with total N uptake ( Table 4 ). Due to no interaction between the environment and seed yield, a common linear slope for N uptake (0.054 kg N kg -1 grain) was found across all environments (R 2 = 0.74-0.89) (Table 8) . Therefore, pooled across all environments, a 4421-kg ha -1 yield level required 279 kg N ha for the same yield level. However, the lower bound of their data (0.054 kg N kg -1 grain) matched our findings. Of the 67 studies used in their meta-analysis, 30 were conducted prior to 1990 (Salvagiotti et al., 2008) . Thus, their higher uptake value (0.079 kg N kg -1 grain) may be reflective of obsolete genetics and production practices that produced different N requirements and utilization patterns than the current study.
Maximum biological N 2 fixation of 450 kg N ha -1 was reported by Rennie et al. (1988) , but a more realistic estimate of 337 kg N ha -1 was reported by Herridge (1982) . Salvagiotti et al. (2008) and Mastrodomenico and Purcell (2012) found that N 2 fixation could supply up to 86 and 90% of the total N uptake requirement, respectively. Although N mineralization is a dynamic soil process, a conservative estimate of a soil in a corn-soybean rotation Table 6 . Dry matter (DM) partitioning summary statistics for relatively low, average, and high seed yield figures (Fig. 1) . ) and (%) 1,059 (20.0) 949 (16.0) 1,114 (15.4) † Related to the specific graph's relative position within the three stacked graphs for DM. ‡ Seed yield is reported at 130 g kg -1 moisture, whereas all other estimates are reported on a DM basis. § Means for total DM accumulation and DM harvest index rate are followed by the standard error of the estimate. ¶ Represents the portion of DM accumulated in the stems, petioles, and leaves that was remobilized to the seed after R5.5, except for the top graph at R6.5. Total kg ha -1 are reported followed by the percentage of vegetative DM it represents in parenthesis. Table 7 . Dry matter harvest index (HI) regression over seed yield equations and HI, within each environment, at the mean seed yield. with 3% organic matter, 5% N within the organic matter fraction, and an annual mineralization rate of 2% would produce ~60 kg N ha -1 . This conservative estimate is well below the findings of previously conducted N mineralization studies (Ma et al., 1999; Wu et al., 2008) . Therefore, N 2 fixation, in conjunction with soil N mineralization, has the realistic potential to supply enough N for soybean yields >6500 kg ha -1 using total N uptake requirements determined in this study. This, in addition to differences in total N uptake (257-309 kg N ha -1 ) for the same yield level attributed to the environment (Table 8) , helps explain the lack of consistent yield responses to N fertilizer, even at yield levels >5000 kg ha -1 (Salvagiotti et al., 2008) (Table 8) .
Linear regression †: HI = A + B(Y)
Nitrogen uptake followed DM accumulation patterns with only 14 (32.7 kg N ha ) of the total season-long N uptake by R1 at the low, average, and high yield levels, respectively. This is drastically different from corn, which acquires 63% of its total N by R1 (De Bruin and Butzen, 2014) . Furthermore, 50% of N uptake was reached between R4 and 4.5, depending on the yield level, but the amount of N taken up after R5.5 differed between the low (29.7%), average (34.7%), and high (40.1%) yield levels and was greater than the 10% reported by Hanway and Weber (1971a) , demonstrating greater reliance on late-season uptake for higher yields (Fig. 3) .
A lag phase for the N uptake rate was evident within the first 20 DAE, where uptake rates were <1 kg ha
. However, the high yield level experienced a shorter duration within this lag phase and subsequently reached an uptake rate of 2.1 kg N ha -1 d -1 at 30 DAE (V4) compared with 1.8 and 1.4 kg N ha -1 d -1 for the average and low yield levels, respectively (Fig. 4) . The uptake rates increased parallel to each other until peak rates were reached slightly before R4 for the low and average yield levels and just before R5 for the high yield level. The peak uptake rate for the high yield level was sustained for ~20 d, which was longer than the average (16 d) and low (14 d) yield levels. These peak uptake periods agree with Bender et al. (2015) Table 8. Total N uptake regression over seed yield equations and N uptake, within each environment, at the mean seed yield. 287.3 b †N = total N uptake. Y = seed yield. B = slope. A = intercept. A common slope is displayed due to no interaction between environments and seed yield, the covariate. ‡ Comparisons are made for total N uptake at the mean level of the covariate (seed yield) and reflect the intercept differences. § Values followed by the same letter are not significantly different at P £ 0.10. Fig. 3 . Nitrogen (N) uptake and partitioning across the growing season separated into three different graphs representing relatively low 3608 kg ha -1 (bottom), average 4421 kg ha -1 (middle), and high 5483 kg ha -1 (top) yield levels.
and Harper (1971) , and a constant uptake rate during the peak period is conceivable, despite variation in temperature and moisture conditions (Sadler and Karlen, 1995) . Peak N uptake rates for the low, average, and high yield levels were 3.6, 3.9, and 4.3 kg N ha
, respectively (Fig. 4) . Bender et al. (2015) reported a peak uptake rate of 4.6 kg N ha -1 d -1 at R4 for a 3480-kg ha -1 yield level, which is slightly higher than our findings for a similar yield level. After the peak N uptake period, the rate for the average and low yield levels steadily declined to 1.5 and 1.0 kg N ha
, respectively, compared with the high yield level, which only declined to an N uptake rate of 2.7 kg N ha
. By way of explanation, the high yield level uptake rate at R8 was 63% of its peak rate compared with 38 and 28% for the average and low yield levels, respectively. This can be seen in the nonparallel deceleration of uptake rates between the three yield levels (Fig. 4) .
Total N uptake required at a given yield level varied between environments but increased at the same rate (0.054 kg N kg -1 grain) as yield increased. However, this rate was lower than previous reports, resulting in a reduced total N uptake requirement at any yield level for our study (Table 8) . Still, a shorter duration in the lag phase of earlyseason N uptake, a higher peak N uptake rate, and an extended peak uptake period, coupled with greater lateseason uptake amounts and rates, were all consistent with greater total N uptake for the high yield level (348 kg N ha ) and low levels (229 kg N ha -1 ) ( Fig. 3 and 4, Table 9 ).
Nitrogen Partitioning
Although total N uptake is strongly related to DM accumulation (R 2 = 0.86) (data not shown), DM partitioning displays little influence on N partitioning ( Fig. 1 and 3) . This was particularly evident after R1 and is mainly due to shifts in N concentration between each plant part throughout the growing season. For instance, at R4, the average concentration in the leaves (4.9%) was much higher than the stems (1.4%). The most notable concentration shift within a single plant part was after R5.5, when the amount of N partitioned to the leaves drastically decreased compared with the stems, petioles, and pods. This is consistent with past reports showing the importance of leaves as a temporary N storage organ (Hanway and Weber, 1971a; Shibles and Sundberg, 1998; Sinclair, 1998) . In fact, within the current study, ~24% of total seed N originated from leaf tissue. When pooled across all yield levels at R5.5 and therefore differing in amounts of total N, N partitioned to the leaves, seeds, stems, pods, and petioles was 43.7, 18.0, 16.2, 13.9, and 5.4%, respectively. The remainder of the N was allocated to fallen leaves and petioles (<3%) (Fig. 3) . Hanway and Weber (1971a) reported a similar relative amount (42.6%) of N partitioned to the leaves at R5.5.
After R5.5, N uptake was partitioned solely to the seed, whereas N stored in vegetative tissue began rapid remobilization to the seed, which follows similar patterns but with drastically different quantities compared with Hanway and Weber (1971a) (Fig. 3) . From R5.5 to maturity, 93, 102, and 113 kg N ha -1 , or on a relative basis, 69.2, 68.3, and 66.7% of total vegetative N was remobilized to the seed for the low, average, and high yield levels, respectively (Fig. 3, Table 9 ). These relative quantities are in line with a previously reported range of 66 to 79% by Vasilas et al. (1995) but are much higher than reports by Hanway and Weber (1971a) (55%), possibly demonstrating a greater capacity for vegetative N remobilization within current production realities. The combination of greater N remobilization (68.3 vs. 55%) and uptake past R5.5 (35 vs. 10%) in our study compared with Hanway and Weber (1971a) suggests a fundamental difference in seed N supply dynamics, where old varieties and production practices not only resulted in a greater percentage of N taken up before R5.5, but also less efficient remobilization of this vegetative N to the seed.
Seed N accrued after R5 from continued uptake was greatest for the high yield level (61.1%) compared with the average (55.9%) and low (50.4%) yield levels ( Table 9 ). In comparison, Hanway and Weber (1971a) showed that only 57% of total seed N was attributed to uptake after R5.5, whereas Loberg et al. (1984) reported 47%, but both of those findings were at yield levels similar to our low yield level (3608 kg ha -1 ). Although vegetative N remobilization is important in meeting seed N demand, greater reliance on continued uptake (61.1%) as an alternative to ). The uptake rate is graphically shown at 30 d after emergence for the three yield levels. Vertical lines represent the point of peak uptake and horizontal cross lines represent the peak uptake period within the standard error of the peak uptake point estimate.
vegetative N remobilization (38.9%) after R5 was associated with higher yields (>5034 kg ha
). This agrees with Loberg et al. (1984) but counters the theory of Sinclair and de Wit (1976) , who stated that greater vegetative N uptake and storage before R5.5 for successive remobilization to the seed was necessary to significantly increase soybean yields.
Our findings showed that N partitioning did not closely follow DM patterns due to changes in N concentration in the various plant parts. In addition, current varieties within modern production realities demonstrated a greater N remobilization capacity in conjunction with an increasing reliance on continued uptake past R5 as yields increase to meet seed N demands.
Nitrogen Removal
Seed N concentration at R8 was not affected by any factor (P > 0.35) and averaged 6.02% on a DM basis across all environments, varieties, and yield levels, similar to 6.34% reported by Salvagiotti et al. (2008) . This is in line with our finding for seed N removal, which was not affected by environment or variety, nor did these factors interact with seed yield (Table 4) grain with an intercept of -11.591 kg N ha -1 (R 2 = 0.89) resulted in 231.6 kg N ha -1 being removed with the seed at a 4421-kg ha -1 yield level (Fig. 5 ). There was a significant environment ´ seed yield interaction for NHI (Table 4) ) and lower NHI (73.2-83.8%) may be indicative of situations where late-season factors limited yield. For instance, if early-season growing condition were normal, the N taken up during this period and the continued N uptake during seed fill could heavily exceed seed N demands, and therefore total N uptake would not be used as efficiently, resulting in a lower NHI. At the 6000-kg ha -1 yield level, NHI ranged from 82.61 to 90.92%, with five of six environments showing NHI near 90% and not being significantly different, possibly signifying an upper limit to the NHI near 90% in high-yielding environments. Bender et al. (2015) reported a NHI of 73% at a 3480-kg ha -1 yield level, and Hanway and Weber (1971a) reported 68% at a 2855-kg ha -1 yield level. At these yield levels, our Arlington 2015 location exhibited a slightly larger NHI of 75.3% compared with Bender et al. (2015) and 73.1% compared with Hanway and Weber (1971a) . However, all other environments exhibited much larger NHI, near 80%, at the same yield levels. Regardless of the environment, NHI increased with seed yield, Table 9 . Nitrogen partitioning summary statistics for relatively low, average, and high seed yield figures (Fig. 3) . 113 (66.7) † Related to the specific graph's relative position within the three stacked graphs for N. ‡ Seed yield is reported at 130 g kg -1 moisture while all other estimates are reported on a dry matter basis. § Means for total N uptake, N removal, and N harvest index are followed by the standard error of the estimate. ¶ Represents the portion of total seed N that is accumulated from R5 through R8 by continued uptake from the soil. Total kg ha -1 are reported followed by the percentage of total seed N it represents in parenthesis.
# Represents the portion of N accumulated in the stems, petioles, leaves, and pods that was remobilized to the seed from R5.5 through R8. Total kg ha -1 are reported followed by the percentage of vegetative N it represents in parenthesis. and therefore differences amongst the low (82.1%), average (83.3%), and high (84.1%) yield levels were realized (Fig. 3, Table 9 ). Therefore, a greater NHI associated with current production realities and a greater NHI associated with increasing seed yield are critical factors supporting our finding of a lower total N uptake requirement at any yield level (i.e., greater N use efficiency) compared with Salvagiotti et al. (2008) .
CONCLUSIONS
Our study of DM and N uptake, partitioning, and removal patterns and rates across a wide yield range (~3000-6000 kg ha -1 ) allows broader application of these results than previous studies. Our results indicated that accumulation of DM and N is minimal until approximately R1 but increases rapidly thereafter to peak uptake periods near R3 and R4, respectively. After R5.5, DM and N in vegetative tissue began remobilization to the seed, except for DM at high yield levels where remobilization was delayed, possibly supporting greater photosynthetic capacity. On a relative basis, the remobilization capacity for N (67-69%) was much greater than previously reported and superior to the remobilization capacity of carbohydrates (15-20%). Additionally, our study found that the relative portion of N uptake after R5.5 was greater for higher yields (40.1%) than lower yields (29.7%), and that seed N accumulation relied more heavily on continued uptake (61.1%) than remobilization (38.9%) for higher yields (>5034 kg ha ). Nevertheless, after the commencement of seed fill, the plant uses both greater vegetative N remobilization and N uptake to increase the NHI and meet the seed N requirement (0.055 kg N kg -1 grain) as yields increase, which is consistent across environments and varieties.
Finally, these results suggest that, while DM accumulation, HI, and the N uptake requirement increase at a constant rate with yield between environments, their absolute values at a specific yield level will vary, meaning their requirements are likely field and year specific, but not variety specific. Furthermore, higher yields were associated with a shorter duration in the lag phase of early-season N uptake, a higher peak N uptake rate (4.6 kg N ha
), extended peak uptake period, and greater late-season uptake amounts and rates. Thus, growers should ultimately focus on production practices that maximize N 2 fixation and soil N mineralization throughout the whole growing season, more so than a single N fertilizer application. Given the total N uptake requirements determined in this study (0.054 kg N kg -1 grain), previously reported N 2 fixation capabilities (337 kg N ha -1 ) (Herridge, 1982) 
